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A gradient refractive structured NiCr film that has a high extinction coefficient at far infrared range (8-um-24 um) is
presented as an absorber for pyroelectric infrared detectors. The absorber features high absorption efficiency due to the low
reflection off the structured surface and high absorption across the film thickness. The refractive index and extinction coef-
ficient are extracted using spectroscopic ellipsometry. It is found that the single NiCr film exhibits an increasing refractive
index as the gas atmosphere pressure increases, hence the three-layer gradient NiCr absorber can be fabricated by adjusting
the gas atmosphere pressure during sputtering deposition. Essential Macleod software has been used to generate an effi-
cient film structure design and the calculations show similar absorptance trend compared to the experimental measurement
result. The results indicate that the gradient refractive structured metal thin film absorber can provide high absorption for

applications in thermal sensing.
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1. Introduction

Pyroelectric infrared detectors are commonly used to
monitor infrared radiation in the wavelength range of 8 pm—
14 pum and in military spacecraft in the wavelength range of
14 um—-16 pum.""-31 To improve the sensitivity of pyroelectric
infrared (IR) detectors, infrared absorbing layers have to meet
the following demands:*3! (i) high and spectrally homoge-
neous radiation absorption, (ii) very low thermal mass, (iii)
high heat conductivity, (iv) good long-term stability and re-
producibility of the properties, and (v) their fabrication must
be compatible with the detector manufacturing technology.
Popular solutions that meet some of these requirements in-
clude thin metal films, resonant cavity structures, plasmonic
metamaterials, porous surfaces, and vertically aligned arrays
of carbon nanotubes (CNT). However, ultra-thin metal films
are limited in terms of absolute absorbance and are not tem-
perature stable.[® Porous films and metal-blacks require well
controlled etch chemistry and can be easily destroyed by phys-
ical contact.!”l Quarter wavelength cavity resonances are good
solutions for selective detection with spectral bandwidths on
the order of 10% or lower in the visible-IR range, but are
not suitable for mid/long wave infrared and very long wave-
length applications.[®! The principle of CNTs arrays is based
on trapping light in the sparse and tall CNT arrays.[*! The
height of the arrays (tens to hundreds of microns) allows for
multiple internal reflections and the eventual absorption of all
incident radiation over a large spectral range. Unfortunately,
their large mass and thermal loading on the detector are draw-
backs. In this work, we present a nano-structured NiCr alloy
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material with graded-refractive-index coating which has a high
extinction coefficient k at infrared wavelength range. The ab-
sorber features high absorption efficiency (> 75%) peaks in
the wavelength of 10 um, 14 wm, and 18 pm. Its adhesion
properties are also excellent, resulting from a denser layer de-
posited on the substrate. Other major benefits include the one-
step deposition and the functional integration of the detector’s
front electrode and the absorption layer, which are enabled by
the sputtering deposition technique. The performance of the
NiCr absorption layer is superior to that of single metal films
in combination with good mechanically stability, making this
an attractive material for use in IR detectors.

2. Experimental results
2.1. Fabrication of nano-structured NiCr absorption

The typical pyroelectric detector is structured with
LiTaO3 material in a central layer between two metal elec-
trodes. The pyroelectric detectors were fabricated from a po-
larized LiTaO3 crystal of 1.2 mmx1.2 mm and a thickness
of about 200 um. Chemical-mechanical polishing method is
used to thin down the LiTaOj3 to a thickness of about 10 pm.
The absorber structure is deposited onto the sensitive element
area of LiTaOs crystal. The sputtering equipment (Varian
3280) was used to prepare NiCr thin films by magnetron sput-
tering of a high purity NiCr target containing 80% nickel and
20% chromium in an Ar atmosphere. To obtain NiCr films
with different structures, layers were deposited with different
deposition rates, which can be determined by the parameters
of different pressure atmospheres and sputtering currents. The
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pressure was chosen as 4 Pa—12 Pa for best refractive index
adjustment. The sputtering current was adjusted from 0.2 A to
0.4 A with a deposition rate of up to 7.5 A/s. The 3-layer NiCr
absorber was carried out at a base pressure of 2 x 107% Pa
and with a chamber temperature of 80 °C. The total thick-
ness of the nano-structured NiCr absorption was 470 nm—
500 nm. Meanwhile, the single layer NiCr absorbers with the
same film thickness were prepared by different pressure atmo-
spheres (4 Pa, 8 Pa, and 12 Pa) and sputtering currents (0.2 A,
0.3 A, and 0.4 A) for comparison. Ag film with a thickness of
30 nm is deposited on the backside of LiTaOj3 crystal.

2.2. SEM image

To characterize the IR absorption properties of the NiCr
absorption, normal incidence reflection R(A) measurements
are acquired on LiTaOj crystal coated with NiCr films us-
ing a Fourier transform infrared spectroscopy (FTIR) system
(PerkinElmer Spectrum 400). As the metal Ag film as a per-
fect reflector is deposited on the backside of LiTaO;3 crystal,
the transmission T (1) is equal to 0. The absorption for the
film A(A) is calculated as A(1) = 1 —R(1).

Figure 1 shows the scanning electron microscopy (SEM)
top view of NiCr absorption deposited at different pressure
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atmospheres 4 Pa, 8 Pa, and 12 Pa in Figs. 1(a), 1(b), and
1(c), and different sputter currents 0.4 A, 0.3 A, and 0.2 A
in Figs. 1(d), 1(e), and 1(f), respectively. Owing to extreme
atomic shadowing effects and limited adatom diffusion, de-
position at very high pressure atmosphere leads to a nanos-
tructured and porous film; as shown in Fig. 1(c). The film
deposited at low pressure atmosphere (4 Pa) has a smoother
surface which produces grains between 20 nm—50 nm in diam-
eter. If the pressure is increased to 8 Pa, then some grains with
a diameter of 50 nm—100 nm are created. Using a 12-Pa pres-
sure atmosphere produces grains with a diameter of 100 nm—
200 nm all over the surface. Clearly, the general size of the
grains is dependent on the pressure atmosphere. Similar evo-
lution of grains is not found on the films deposited with differ-
ent sputter currents. As shown in Figs. 1(d)-1(f), it seems that
the films deposited by different sputter currents have similar
grain size with a diameter of 20 nm—50 nm. It is worth noting
that the deposition rate of films is decreased from 11 nm/s to
5 nm/s and from 7 nm/s to 3.5 nm/s as the pressure increases
and sputter current decreases, respectively, as shown in Fig. 2.
This indicates that the deposition rate is not the main reason
for the formation of grains with different sizes.
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Fig. 1. SEM top view of NiCr absorption deposited at different pressure atmospheres (a) 4 Pa, (b) 8 Pa, and (c) 12 Pa and sputter

currents (d) 0.4 A, (e) 0.3 A, and (f) 0.2 A.
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Fig. 2. Deposition rate of NiCr films with (a) different gas pressures,
and (b) sputter current.

Three-layer NiCr absorbers deposited by gradient pres-
sure and gradient current are obtained. The SEM cross-
sectional views of the three-layer NiCr absorber structure de-
posited at an increasing pressure of 4 Pa, 8§ Pa, and 12 Pa and
a decreasing pressure of 12 Pa, 8 Pa, and 4 Pa are shown in
Figs. 3(a) and 3(b), respectively. The thickness of these ab-
sorber films has a similar value of 500 nm. It is seen that
the resulting film structure shows nano-columns with growing
size. In Fig. 3(a), the nano-columns grow larger in size and
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the first layer on the substrate under 4 Pa shows dense column,
which makes excellent adhesion properties. In contrast, the
first layer in Fig. 3(b) shows oblique orientation under 12 Pa
due to extreme atomic shadowing effects and limited adatom
diffusion. Three-layer NiCr absorber structures deposited at

210 nm
150 nm
140 nm

200 nm

160 nm
130 nm

an increasing current of 0.2 A, 0.3 A, and 0.4 A and a decreas-
ing current of 0.4 A, 0.3 A, and 0.2 A are shown in Figs. 3(c)
and 3(d), respectively. Similar to the trend in Figs. 1(d)-1(f),
no apparent gradient layers are shown by the different current
parameters.

©)

Fig. 3. Cross-sectional SEM images of the nanostructured NiCr film fabricated using sputtering deposition with (a) increasing gas pressure of
4 Pa, 8 Pa, and 12 Pa, (b) decreasing gas pressure of 12 Pa, 8 Pa, and 4 Pa, (c) increasing sputter current of 0.2 A, 0.3 A, and 0.4 A, and (d)

decreasing sputter current of 0.4 A, 0.3 A, and 0.2 A.
2.3. Infrared absorption

The measured reflection curves of NiCr films produced
by different argon pressures and gradient pressures with sim-
ilar thickness are measured. The absorption curves are then
calculated based on the relationship between reflection R and
absorption A: R+ A = 1, because the transmission T(A) is
equal to 0. It is clear that the absorption of NiCr films is in-
creased at an optimal working pressure of 12 Pa (as shown in
Fig. 4), while the gradient layer system shows higher absorp-
tion than single layers. The absorber features high absorption
efficiency (> 75%) peaks in the wavelength of 10 pm, 14 pm,
and 18 pm. The performance of the NiCr absorption layer is
comparable to those metal absorption films. Schossig reported
a 600-nm thick NiCr film fabricated by glancing angle depo-
sition (GLAD) technique, which features a high absorbance
of 70% in mid IR range but low absorbance of less than 50%
in the wavelength of 14 um—18 um.!® Shang er al. prepared
a 1.5-um thick nanostructured Cr thin-film by sputtering at a
high incident angle of 110°, revealing an absorbance of 55%
at 8 um which linearly decreases to 35% at 14 um.!'!l The
thin metal NiCr film with the thickness of less than 10 nm rep-
resents broadband absorbance radiation, while its maximum

(121 Compared with these metal

absorptivity is less than 50%.
absorbers, the NiCr absorption layer that we proposed is more
advantageous for mid/long wave infrared and very long wave-
length applications such as military spacecraft. Apparently,
the nano-column structure shown in SEM images (Fig. 1) on
the top layer by higher argon atmosphere has a rough surface,
which increases the absorption. It is known that the absorp-
tion of a metal film consists of two components: the intrin-
sic absorption of an ideally smooth surface and the physical
structures that contributes to the enhancement of infrared ab-
sorption. In principle, the optical functionality of gradient lay-
ers can be imagined as a combination of nano-structures on

the top layer and anti-reflection property induced by graded-
refractive-index layers.
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Fig. 4. Absorption of single NiCr films with different argon pressures

and 3-layer gradient pressure films.

2.4. Extraction of optical parameters

The optical properties of absorbing layers can be analyti-
cally modeled based on the optical modeling proposed by Par-
sons et al.!'3! Since the index of refraction n and extinction
coefficient k are essential parameters in the simulation mod-
eling, spectroscopic ellipsometry (SE, V-VASE ellipsometer)
was used to determine these two optical constants. An ultravi-
olet (UV)-visible (Vis)-near-IR spectrophotometer (Cary500,
Agilent) with a wavelength range of 8 pum-25 pm was used
to measure the reflectance and transmittance of the samples.
A simple three-phase model consisting of Ag/LiTaO3/NiCr
thin films has been used to represent the sample. The vari-
ables in the fitting procedure include the layer thickness and
all Tauc—Lorentz (TL) parameters. The fitting quality is poor
when simple TL dispersion function is used, indicating that
more than one single type of electronic transition dominates
the optical absorption for NiCr films. Double TL dispersion
function is then applied to fit the measured ellipsometric data
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in the present work. The index of refraction and the extinction
coefficient as a function of wavelength can then be obtained,
as shown in Fig. 5. It can be seen that the index of refraction
increases as the argon atmosphere increases. NiCr with gradi-
ent layer has an average equivalent refractive index compared
to that of single NiCr film with the same thickness in the wave-
length range of 0 pm-25 pum. For the extinction coefficient,
gradient NiCr layer has higher value than single films, which
mainly contributes to the enhancement of infrared absorption.
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Fig. 5. Extracted effective (a) n and (b) & for the single NiCr films and
3-layer gradient film.

3. Theoretical results

Essential Macleod software is used to generate an effi-
cient film structure design, which is a common software pack-
age for an efficient design of thin-film optical coatings. In this
study, a three-layer gradient NiCr absorber and single-layer
NiCr film are considered. The refractive index and extinction
coefficients of NiCr absorber at different pressure atmospheres
are measured using spectroscopic ellipsometry. The refraction
index of LiTaO3 and Ag reflector are 2.176 and 9.5, while their
extinction coefficients are 0 and 87, respectively.!'# The thick-
nesses of NiCr absorber, LiTaOs3, and Ag reflector are 500 nm,
10 pum, and 30 nm, respectively. The absorptance is simulated
at 100 nm resolution using the Essential Macleod software, as
shown in Fig. 6. The simulations are performed using the sim-
plex parameter function of the program. Then the absorptance
in the wavelength range of 8 pm—24 pm can be obtained.

It is found that the simulated absorption curves reveal a
similar trend compared to the experimental measurement re-

sult. The single NiCr film exhibits an increasing absorptance
as the working pressure increases, and the gradient layer sys-
tem exhibits higher absorptance. Note that several absorption
peaks are found at 10 um, 14 pum, and 18 pwm, which is in good
agreement with the peaks shown in measurement results. It is
found that the measured absorption is relatively higher than
that of simulation results. Also, a considerable deviation in
the absorbance peak maximum could be observed in the wave-
length range of 8 um—12 pum, which may be caused by the
measurement deviation and simulation assumption. Normally,
the absorptance is provided by surface structure, as well as the
optical parameters (n, k) of the materials. The trapping effect
of structured surface is not considered in the simulation mod-
eling. In principle, the three-layer gradient NiCr absorber can
be imagined as a combination of anti-reflection and multiple
layer cavity radiators. They can effectively remove surface re-
flections and, hence, increase absorption efficiency of infrared

detectors.
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Fig. 6. Simulated absorptance spectra of single NiCr films and 3-layer
gradient film in the wavelength range of 8§ pm-24 pm.

4. Conclusion and perspectives

In this work, we fabricate a nano-structured NiCr alloy
material with graded-refractive-index coating which has a high
extinction coefficient k at infrared wavelengths. The absorber
features high absorption efficiency (> 75%) peaks in the wave-
lengths of 10 um, 14 um, and 18 pm. Its adhesion properties
are also excellent, resulting from a denser layer deposited on
the substrate. A one-step fabrication of the sensor’s top elec-
trode and the absorption layer is possible by simply changing
the gas atmosphere pressure during sputtering deposition. This
benefit reduces manufacturing efforts and sensor costs.

References

[1] LehmanJ, Sanders A, Hanssen L, Wilthan B, Zeng J and Jensen C 2010
Nano Lett. 10 3261

[2] Liu N, Mesch M, Weiss T, Hentschel M and Giessen H 2010 Nano Lett.
10 2342

[3] Hendrickson J, Guo P J, Zhang Y B, Buchwald W and Soref R 2012
Opt. Lett. 37 371

[4] Lang W, Kuhl K and Sandmaier H 1991 TRANSDUCERS ’91: 1991 In-
ternational Conference on Solid-State Sensors and Actuators. Digest of
Technical Papers, June 24-27, 1991, San Francisco, USA, pp. 635-638

067801-4


https://doi.org/10.1021/nl100582j
https://doi.org/10.1021/nl100582j
https://doi.org/10.1021/nl9041033
https://doi.org/10.1021/nl9041033
https://doi.org/10.1364/OL.37.000371
https://doi.org/10.1364/OL.37.000371

Chin. Phys. B Vol. 28, No. 6 (2019) 067801

(3]
(6]

(71
[8]

[9]

Setiadi D, He Z, Hajto J and Binnie T 1999 Infrared Phys. Technol. 40
267

Lang W, Kuhl K and Sandmaier H 1992 Sens. Actuators A Phys. 34
243

Brown R, Brewer P and Milton M 2002 J. Mater. Chem. 12 2749
Shossig M 2012 Optical Absorption Layers For Infrared Radiation, ed.
Gerlach G And Wolter (Berlin: Springer-Verlag) pp. 355-381

Mizuno K, Ishii J, Kishida H, Hayamizu Y, Yasuda S, Futaba N D,
Yumura M and Hata K 2009 Proc. Nat. Acad. Sci. USA 106 6044

[10]

[11]

[12]

[13]
[14]

067801-5

Gokhale J V, Shenderova A O, McGuire E G and Zadeh R M 2014 J.
Microelectromech. Syst. 23 191

Shang Y, Ye X, Wang Z, Feng J, Tang F and Wang X 2013 IEEE Inter-
national Conference on Nanotechnology, August 5-8, 2013, Beijing,
China, pp. 3942

Alves F, Karamitros A, Grbovic D, Kearney B and Karunasiri G 2012
Opt. Eng. 51 063801

Parsons D A and Pedder J D 1988 J. Vac. Sci. Technol. A 6 1686
Refractive index database, https://refractiveindex.info/[2019-3-22]


https://doi.org/10.1016/S1350-4495(99)00017-1
https://doi.org/10.1016/S1350-4495(99)00017-1
https://doi.org/10.1016/0924-4247(92)85007-O
https://doi.org/10.1016/0924-4247(92)85007-O
https://doi.org/10.1039/B204483H
https://doi.org/10.1073/pnas.0900155106
https://doi.org/10.1109/JMEMS.2013.2266411
https://doi.org/10.1109/JMEMS.2013.2266411
https://doi.org/10.1117/1.OE.51.6.063801
https://doi.org/10.1117/1.OE.51.6.063801
https://doi.org/10.1116/1.575308

	1. Introduction
	2. Experimental results
	2.1. Fabrication of nano-structured NiCr absorption
	2.2. SEM image
	2.3. Infrared absorption
	2.4. Extraction of optical parameters

	3. Theoretical results
	4. Conclusion and perspectives
	References

